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Abstract
The main objectives of the present investigation are development of new or improved, reagents and methods for the functionalization of monoterpenic hydrocarbons, investigation of reaction mechanisms, especially of stereo- and regio-selectivities, with an ultimate aim of developing efficient synthetic routes to aroma chemicals or their precursors. Based on this investigation, a thesis consisting of five chapters has been prepared. A summary of its contents is given below.
Chapter 1  Oxygenated Monoterpene and Their Sulfur Analogs: Introduction 
A brief account of the natural occurrence of oxygenated and their sulfur analogs and their importance as aroma chemicals as well as synthetic approach to them are given, as an introduction to the present investigation. Functionalization of hydrocarbons is an important area in classical synthetic organic chemistry, and it continues to be a topic of active research even now.  The present challenges are, the achievement of better regio- and stereoselectivities, clean reaction and facile workup of the product. In this context, there is growing interest in the use of electromagnetic radiation and ultrasound energy in chemical reactions. The potential of these techniques as synthetic tools is being vigorously explored by researchers world over.
Monoterpenes – acyclic, mono and bi-cyclic hydrocarbons - are abundantly available in nature as constituents of a host of essential oils e.g., (+)-limonene from citrus oils and α-pinene, β-pinene, and 3-carene from turpentine. The corresponding oxygenated derivatives - alcohols, carbonyl compounds, esters and ethers – and their sulfur analogs form a major and important group of aroma chemicals. These compounds- both natural and synthetic- find extensive applications in food flavor and perfumery formulations. They have been employed as chiral starting materials for multi step natural products synthesis. Therefore, conversion of terpenic hydrocarbons into their O- and S- derivatives is of economic importance. 
Several methods exist for the conversion of monoterpene hydrocarbons to the corresponding oxygen and sulfur derivatives. These include metal salt-catalyzed direct oxidation, solvation, metallation, epoxidation, thiiration, cohalogenation, halogenation and various transformation reactions of the halo- and epoxy- intermediates.         Among these, halogenation, cohalogenation and epoxidation, being   relatively inexpensive, are the preferred methods for the large scale production of the flavor chemicals. 
Chapter 2:   Preparation and Reactions of Monoterpene Bromohydrins and Epoxides

This chapter gives an account of preparation and synthetic reactions of bromohydrins and epoxides, especially of those derived from monoterpenic hydrocarbons. It has four sections. While Section 2.1 and 2.2 describes the reactions of bromohydrins, Section 2.3 deals with the reaction and preparation of terpene epoxides. The Section 2.4 details the preparation, isolation and purification of bromohydrins. 
Section 2.1: Direct conversion of tert-β –bromo alcohols to ketones 
The reaction of a selected group of monoterpenes and other olefins with              N-bromosuccinimide in aqueous acetone yields the corresponding β-bromo alcohols in excellent yields (80-95 %) with trans-stereochemistry. Attempts at oxidation of            tert-β-bromo alcohols with DMSO in the presence of a base to the corresponding carbonyl compounds results only in their cyclization to epoxides. In order to avoid this but at the same time for accepting the bromine group, ZnS is employed and the reaction conditions optimized. In this reaction, the expected α-hydroxy ketones (Kornblum oxidation products) are formed as only minor products (13-39 %), whereas the corresponding anhydro-ketones are the major ones (41-66 %). From a detailed study of the reaction, the following mechanism is proposed. The abstraction of proton on the carbon β- to the hydroxyl group is followed by an attack of the neighboring hydroxyl moiety on the sulfur of the dimethylsulfoxonium intermediate and its subsequent collapse to an enol, which tautomerizes to a saturated ketone.  
Section 2.2: Allylic bromides from tert-β-bromo alcohols
In case of cohalogenated derivatives, the transformation of the halide functionality has been studied extensively whereas the reports on dehydration reactions are scanty. In this section, an efficient method for dehydration of tert-β-bromo alcohols to respective allyl bromides using catalytic amounts of anhydrous BF3.OEt2 reagent in benzene is delineated. However, in case of 2-bromo-1-hydroxy-p-menth-8-ene, exclusive formation of 2-bromo-1,8-cineole, a cyclic ether, is observed. The present method affords a useful synthetic access to terpenic alcohols and thence to carbonyl compounds. It also provides an easy access to Hoffmann elimination product from styryl-β-bromo alcohols.
2.3: The reaction of terpene and aryl substituted epoxides with 
        bromodimethylsulfonium bromide (BDMSB) 

The efficacy and orientation of ring opening of tri-substituted epoxides using bromodimethylsulfonium bromide, prepared in situ from bromine and dimethyl sulfide, is reported here. The reaction with the selected monoterpene and related di- and trisubstituted epoxides is found to be regiospecific, with the epoxide opening at the tertiary or benzylic positions. With the terminal epoxides it yields the respective aldehydes. In case of styrene oxide, the corresponding bromo aldehyde is the major product. 
Section 2.4: Preparation of Bromohydrins
The bromohydrins of monoterpenic hydrocarbons and few other alkyl and aryl substituted olefins are prepared by known procedures. They are prepared by reaction with one equivalent each of NBS and the olefin in aqueous acetone. The reactions are fast (0.5-3 h) and high yielding (80-95 %). The isolation and purification of these bromohydrins have been standardized to get the maximum yield and purity (> 97 %).   
Chapter 3: Photochemical Studies on Epoxides and Bromohydrins
The bromohydrins and epoxides mentioned in section 2.3 and 2.4 are also explored for their cleavage in the presence of uv light. This chapter has two sections; section 3.1 describes the kinetic resolution of terpene epoxides under the light assisted methanolysis in presence of Lewis acids whereas section 3.2 gives an elementary account of photo-cleavage of aryl substituted bromohydrins to yield benzoic acid methyl esters. 
Section 3.1: Photo-assisted kinetic resolution of monoterpene epoxides 
Both R-(+)-limonene and   R-(+)-carvomenthene, which have one chiral center, on epoxidation with peracetic acid yield 1:1 mixtures of two diastereomeric epoxides (cis- and trans-). Production of pure isomer by simple fractional distillation is not efficient and preparation by chemical means involves a number of steps. In hitherto reported methods of kinetic resolution of limonene oxide, the strategy of selective reactivity of one of the diastereomer towards a specific reagent is exploited. In the present investigation the photo-assisted methanolysis has been explored to achieve this objective. When a mixture of cis- and trans-limonene oxide is irradiated (240-366 nm) in methanol in presence of Lewis acid catalyst, the trans- isomer remains unreacted whereas the cis-oxide is cleaved selectively to afford trans-1-methoxy-2-hydroxy-p-menth-8-ene. The photo-addition of methanol to carvomenthene 1,2-oxide is likewise found to be selective and affords the unreacted trans-oxide and trans-1-methoxy-2-hydroxy-p-menthane from cis-epoxide, which can be easily separated.  
Section 3.2: Light-induced direct conversion of styrene bromohydrins to benzoic  
                     acid esters

While the photochemistry of epoxides has been studied in some detail, reports on the photochemical reactions of bromohydrins are scanty. Tandem radical cyclization as well as direct conversion of bromohydrins to ketones in PTS catalyzed photolysis in aprotic solvent has been reported earlier. As a model study, photoreaction of styrene bromohydrin in methanol in the presence of Lewis acid catalysts (ZnCl2, ZnBr2, ZnI2, and InCl3) was investigated. The reaction with ZnBr2 in methanol affords methyl benzoate in over 85 % yield.  A mechanism envisaged is as follows; predominant formation of methyl benzoate from styrene bromohydrin is apparently due to the formation of zinc bromide salt by reaction of ZnBr2 with hydroxyl group of bromohydrin. Subsequent radical elimination of hydrogen bromide yields zinc enolate. This tautomerizable enolate transforms to a stable keto-form, acetophenonezinc bromide. The latter compound under photo-irradiation undergo Norrish type I cleavage at benzylic carbonyl carbon and subsequent addition of methanol yields the methyl benzoate. In case of Lewis acids like ZnCl2 and ZnI2, formation of methyl benzoate is minor but formation of 1,1-dimethoxy-2-phenyl-ethane and 1,2-dimethoxy-2-phenylethanol is major. This is possibly due to preferential formation of phenylacetaldehyde, a rearranged product, which undergoes acid catalyzed addition of methanol to give 1,1-dimethoxy-2-phenylethane. On the other hand the enolic-form of phenylacetaldehyde while transforming to keto-form abstracts methoxyl radical, and undergoes photoacetalization in methanol to give 1,2-dimethoxy-2-phenylethanol. The alkyl substituted bromo alcohols such as 1-bromo-3-phenyl-propan-2-ol and also terpenic tert-β-bromo alcohols are non-reactive under this condition.  Photolysis of                 2′,4′-dimethylstyrene bromohydrin in the presence of ZnBr2 in methanol yields methyl 2′,4′-dimethyl benzoate in 70 % yield. The reaction in ethanol is very slow and only traces of ethyl benzoate is observed and the same in isopropanol is non-reactive (>24 h irradiation). Direct formation of methyl esters from styrene bromohydrins in photo-assisted methanolysis is being reported for the first time.  
Chapter 4: New D-glucal Derivatives of Terpene Alcohols: Synthesis of                     2,3 Unsaturated Acetylglucopyranosides 

In this chapter, a general preparative method for D-glucal derivatives of monoterpene alcohols using Ferrier rearrangement reaction is described. 3,4,6-Tri-O-acetyl-1,5-anhydro-2-deoxy-D-arabino-hex-1-enitol (tri-O-acetyl-D-glucal) is a versatile synthetic intermediate in the synthesis of 2-deoxyglycosides, which occur in nature as biologically important compounds. Reaction of D-glucal with alcohols in the presence of Lewis acids to afford 2,3-unsaturated-1-O-glucose derivatives via allylic rearrangement is referred to as Ferrier reaction. Monoterpene glycosides represent hydrophilic derivatives of free aroma or essential oil compounds. In order to synthesize the new glucal derivatives of some terpene alcohols by Ferrier reaction,     4-terpinenol is selected as model compound and different Lewis acids viz, BF3.OEt2, BBr3, ZnCl2 and also PTS are tried in dichloromethane. ZnCl2 is found to be the most efficient catalyst at ambient temperature yielding ~65 % D-glucal derivative. Reaction of tri-O-acetyl-D-glucal with other terpene alcohols affords glucosides in 60-74 % yields. The specific rotations of the products reveal that little racemization of the alcohols occur under the experimental conditions. Also, in case of benzylic alcohols the respective glucal derivatives are obtained in excellent yields (81-91 %).
Chapter 5: Preparation of Alkyl Thiocyanates and Thiols 
In this chapter, preparation of tert-alkyl and aryl substituted thiocyanates which are precursors of tertiary thiols of important organoleptic properties is described.  It has two parts; while part A deals with the preparation of tertiary halides and tertiary thio- and isothiocyanates by nucleophilic substitution of SN1-active halides with zinc and titanium thiocyanates under the influence of ultrasound, part B describes the reduction of thiocyanates to thiols using LAH reagent.   
Part A:  Ultrasound-assisted nucleophilic substitution of SN1-active halides    with zinc and titanium thiocyanate

With a view to developing an improved method of preparation of thiocyanates, which act as synthetic precursors for thiols (mercaptans) of aroma value, nucleophilic substitution of SN1-active halides derived from monoterpene hydrocarbons with zinc thiocyanate under the influence of ultrasound has been undertaken. It is observed that not only thio- to isothiocyanate ratio improved (5-8:1) but also the reactions rates are faster (5-16 h). α-Terpinyl thiocyanate could be thus prepared in 64 % yield. 
Nucleophilic substitution reaction of titanium thiocyanate prepared in situ from TiCl4 and Zn(SCN)2, with SN1-active halides  is studied under sonic conditions. The reaction rate is accelerated (1-10 h) and yields of substitution products are superior (65-85 %) with improvement in the overall ratio of thio- to isothiocyanates (3-9:1). The study demonstrates the efficacy of ultrasound in bringing about substitution at tertiary carbon atom.
Part B: Reduction of thiocyanates: preparation of thiols
Thiols (mercaptans) form a small but important group of flavoring compounds of several fruits and spices. For example, p-menth-1-ene-8-thiol is the flavor-impact constituent of grapefruit juice having a threshold value of <10-4 ppb. The corresponding thiocyanate would serve as the stable precursor. The tert-alkyl substituted thiocyanates could be reduced with LAH in dry ether to afford the corresponding tert-thiols of important aroma value. The reactions are fast (< 12 h) and yields are excellent (>90 %).
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